Introduction to the Appendices
The National Renewable Energy Laboratory (NREL) has reported evaluation results for fuel cell buses since 2003. These reports include a broad range of background on the transit property, the buses, infrastructure, and overall experience operating fuel cell buses. Several reports are planned for each evaluation site. The first data report typically includes extensive background material plus an analysis of the first round of data. Update reports follow the initial publication, focusing on the newest data analysis and lessons learned since the previous report. The authors would like to provide more focus on the new data without depriving new readers of the background and context on the transit property and the technology. These appendices, referenced in the main report, are designed to provide the full background for the evaluation. They will be updated as new information is collected but will contain the original background material from the first report. Both parts can be downloaded separately. A Web link is provided on the cover to allow the reader to download the main report.
Appendix A: NREL Transit Bus Evaluation Activities
Under funding from the Department of Energy (DOE) and in coordination with the Federal Transit Administration (FTA), the National Renewable Energy Laboratory (NREL) has been evaluating alternative fuel transit buses since the early 1990s. In 1996, DOE and NREL completed an evaluation of transit buses at eight transit agencies that included six different alternative fuels. As part of this alternative fuel transit bus evaluation, NREL and Battelle (NREL's contractor for this effort) developed a customized data-collection and evaluation protocol. This protocol has evolved over time but is still based on the original effort. While DOE has not funded the direct development of fuel cell buses, it has provided funding to NREL to conduct data collection, analysis, and reporting of existing FCB project evaluation results under its Technology Validation activity. The current hydrogen transit bus evaluations include four active projects and four that were completed in the last few years.
, which is focused on addressing the technical challenges and accelerating the development and successful market introduction of hydrogen technologies. Beginning with fiscal year 2009, Technology Validation was moved from HFCIT into the Vehicle Technology Program. NREL supports DOE's Technology Validation activity by evaluating hydrogen and fuel cell vehicles in parallel with hydrogen infrastructure to determine the current status of the technology and to assess the progress toward technology readiness.
In 2006, FTA initiated its newest development program, the National Fuel Cell Bus Program (NFCBP) 2
The FTA is collaborating with DOE and NREL to ensure that data are collected on all fuel cell bus demonstrations under the program. FTA has tasked NREL with evaluating the fuel cell bus demonstrations for the NFCBP. NREL uses the standard data collection and analysis protocol established for DOE heavy-duty vehicle evaluations as described in this plan. In May 2008, NREL published Hydrogen and Fuel Cell Transit Bus Evaluations: Joint Evaluation Plan for the U.S. Department of Energy and the Federal Transit Administration, which outlines the methodology for these evaluations . The NFCBP was established as part of the Safe, Accountable, Flexible, Efficient Transportation Equity Act: a Legacy for Users (SAFETEA-LU) transportation authorization. The NFCBP program designates $49 million in funding for 2006 through 2009 to help develop commercially viable fuel cell buses and technologies. The FTA competitively selected three nonprofit organizations-the Center for Transportation and the Environment (CTE), the Northeast Advanced Vehicle Consortium (NAVC), and CALSTART-to administer projects under the program. The FTA selected 14 separate projects in all, including eight planned demonstration projects. . projects planned under both DOE and FTA funding. This overview is the estimated timing for NREL's data collection and evaluation and does not reflect the early design, development, and construction phase for the buses. The plans for upcoming evaluations are subject to change as each project progresses. The projects are separated by funding agency; however, for the NFCBP evaluation sites, any detailed data collection and analysis of the fuel cell system or infrastructure will be funded by DOE. Table A -2 provides more details and status for the evaluation sites funded solely by DOE. Additional details on the eight NFCBP demonstration sites funded by FTA are listed in Table A-3. FTA is also considering additional funding for one or two sites beyond the NFCBP sites, but this funding has not been determined. 
Overall Evaluation Objectives
The objectives of the DOE and FTA evaluations are to provide comprehensive, unbiased evaluation results of fuel cell and hydrogen bus development and performance compared with conventional baseline vehicles when available and appropriate. Baseline vehicles are typically diesel buses or occasionally compressed natural gas (CNG). These evaluations also include information on the development and performance of hydrogen infrastructure and descriptions of the facility modifications required for safe operation of hydrogen-fueled vehicles.
The DOE and FTA demonstration and evaluation programs have two major goals:
• Provide credible data analysis results to the transit bus and fuel cell industries that go beyond "proof of concept" for fuel cell transit buses and infrastructure.
• Provide results focused on performance and use, including progress over time and experience from integrating vehicle systems, operations, and facilities for the fuel cell transit buses and supporting infrastructure.
DOE and FTA have both cited the lack of data and analysis results in real-world service as a challenge to move the technology forward. These evaluations have proved useful for a variety of groups, including transit operators considering the technology for future procurements, manufacturers needing to understand the status of the technology for transit applications, and government agencies making policy decisions or determining future research needs. 
Appendix B: CTTRANSIT Description
CTTRANSIT Profile CTTRANSIT 5 is owned by the Connecticut Department of Transportation (ConnDOT) and provides fixed-route transportation services to three major metropolitan areas in the state: Hartford, New Haven, and Stamford. In 2007, the agency transported nearly 27 million passengers. The Hartford Division is the largest of the three areas, operating a total of 237 buses over 30 local routes and 12 express routes in and around the capital area. The Division service area covers 469 square miles and serves a population of more than 851,000. Figure B -1 shows the service area for this Division.
Figure B-1. Service area for CTTRANSIT's Hartford Division
CTTRANSIT has been investigating new technologies and fuels for its fleet that are more efficient and produce fewer emissions. In November 2006, the agency switched to ultra lowsulfur diesel fuel with 5% biodiesel in its bus fleet to reduce both emissions and petroleum consumption. All new buses procured by the agency are equipped with diesel particulate filters (DPF). To further reduce fleet emissions, CTTRANSIT has a retrofit program in progress to install DPFs on most of its existing bus fleet with completion expected in May 2009.
CTTRANSIT also conducted a pilot program to evaluate the benefits of hybrid technology for potential future purchases. For this project, the agency procured two New Flyer 40-foot buses (model year 2003) with Allison diesel hybrid propulsion systems. The agency operated these two buses alongside two standard diesel buses for 18 months. Comparisons were made to evaluate emissions, fuel efficiency, reliability, and cost. The results of the project were reported in October 2005 6
CTTRANSIT's Fuel Cell Demonstration Project
. CTTRANSIT unveiled its new fuel cell bus in April 2007. This was not only a first for the agency, but also was the first fuel cell bus to be operated in New England. Prior to this demonstration, most fuel cell buses in the United States were used in demonstration projects in California. CTTRANSIT's bus design was leveraged from an earlier procurement of four fuel cell buses now in operation at AC Transit and SunLine in California. Testing the bus in Connecticut provides the project partners the opportunity to understand how the system operates in a cold and hot/ humid climate. Table B -2 lists the partners involved in the project and their respective roles. For several key reasons, CTTRANSIT is an important choice for demonstrating fuel cell technology. Nearly all of the previous fuel cell bus demonstrations in the United States have been in warm-weather climates, and Hartford, Connecticut, provides a colder climate. This climate can be an issue because of the potential for water in the fuel cell systems to freeze and other related issues, such as problems with propulsion system operation in adverse weather conditions. Past experience in demonstrating new technologies has given the agency an awareness of what to expect and insight regarding how these issues could arise in such projects.
CTTRANSIT management and staff understand the need to work with the manufacturers to optimize and develop a product further.
One of the most significant reasons for its selection has been CTTRANSIT's close proximity to the location of the fuel cell manufacturer, UTC Power. This proximity enabled easy and fast access to the bus as needed. UTC Power has enriched its fuel cell bus development program further by periodically collecting additional diagnostic data and evaluating possible design enhancements on the CTTRANSIT bus while at UTC Power facility. This approach is more cost effective and resulted in far fewer service disruptions than if the fuel cell power units from distant sites were sent back to the UTC Power facility for the same work. The only other option would be to complete all needed testing in the field-which is difficult, based on the complexity of fuel cell power systems and components integrated into the buses.
An extremely important reason for demonstrating fuel cell buses at CTTRANSIT is the support of the State of Connecticut. Environmental issues have been an important driver for transportation projects and programs in the state. Over the past few years, Connecticut has worked to exceed the federal regulations set by the Clean Air Act Amendments to address the concerns of poor air quality and climate change. The state's efforts include the following:
• In 2001, the New England governors and Eastern Canadian premiers adopted a regional climate-change action plan to reduce greenhouse gasses. • In June 2008, Public Act 08-98: An Act Concerning Connecticut Global Warming Solutions was signed into law. This Act requires the state to create a program and schedule to reduce greenhouse gas emissions in the state. Table C -1 provides bus system descriptions for the fuel cell and diesel buses included in the CTTRANSIT evaluation. Three diesel buses (one shown in Figure C-1) from the most recent bus order were selected for baseline comparison data. The fuel cell bus (shown in Figure C -2) went into revenue service in April 2007.
Appendix C: Evaluation Bus Technology Descriptions Fuel Cell and Diesel Buses
The fuel cell bus chassis is the same model and design as buses operating at AC Transit in Oakland, California (three buses), and SunLine Transit Agency in the Palm Springs, California, area (one bus). UTC Power purchased a bus as an option from the AC Transit order and then sold it to CTTRANSIT, which makes UTC Power the supplier of record for warranty instead of ISE Corporation, as is the case for the other four California buses. Table C -2 provides a description of some of the electric propulsion systems for the fuel cell buses. Note that the diesel buses are not a hybrid configuration and do not have regenerative braking or energy storage for the drive system. 
Fuel Cell Bus Propulsion System Description
The prototype fuel cell bus in service at CTTRANSIT was designed by UTC Power, ISE Corporation, and Van Hool. The bus uses a fuel cell power system manufactured by UTC Power in a hybrid electric drive system designed by ISE.
The ISE hybrid system ( Figure C-3) is a series configuration, meaning the fuel cell power system is not mechanically coupled to the drive axle. The fuel cell power system and energy storage system work together to provide power to two electric drive motors, which are coupled to the driveline through a combining gearbox. This hybrid system also is capable of regenerative braking, which captures the energy typically expended during braking and uses it to recharge the energy storage system. Each component of the propulsion system is controlled through an ISEdeveloped software operating system.
The primary power source for the hybrid system is UTC Power's PureMotion 120 Fuel Cell Power System, which produces 120 kW from its proton exchange membrane (PEM) fuel cell stacks. UTC Power's fuel cells operate at near-ambient pressure, which eliminates the need for a compressor. This not only increases the efficiency of the system, but also results in quiet operation. The energy storage system consists of three ZEBRA (sodium/nickel chloride) batteries 2 .
Figure C-3. Hybrid propulsion system diagram

Appendix D: Evaluation Infrastructure Description
Facilities CTTRANSIT manages the day-to-day operations for the Hartford Division buses from its facility located a few miles north of the downtown city center. The site includes offices for management and staff as well as maintenance bays, a bus wash, and indoor bus parking. To demonstrate the fuel cell bus, CTTRANSIT needed to address hydrogen fueling infrastructure and modifications to existing facilities for safe storage and maintenance of the bus. For past fuel cell bus projects, this has proved to be one of the most challenging aspects of the demonstration. CTTRANSIT's ease in accomplishing this portion of the project is a striking contrast to other transit agency experience.
CTTRANSIT Maintenance Facility Modifications -At the onset of the project, CTTRANSIT hired a consultant to investigate what modifications were necessary to enable a hydrogen vehicle to be operated, maintained, and parked in the existing bus facility. Recommendations from the consultant included an upgraded ventilation system, fuel sensors, and alarms. Total cost for the upgrades (including the consultant's fee) was $150,000. CTTRANSIT worked closely with local fire officials early in the process and was not required to make extensive electrical or ventilation upgrades. This fuel cell bus design includes the ability to move the bus on electric power onlythe hydrogen and fuel cell system is temporarily disabled. Because of this, the upgrades required by local officials were simple and inexpensive, and the fuel cell bus must be operated in electriconly mode while inside the facility.
Maintenance specifically performed on the hydrogen or fuel cell system is handled at UTC Power facilities, and routine bus maintenance is conducted at the CTTRANSIT facility. The bus is brought into the shop with the hydrogen-fuel cell system locked out. For maintenance tasks that involve hot work (which could cause a spark), the bus is defueled prior to being brought into the building. The safe operating procedures for the bus are posted in the maintenance bay. Figure  D-1 shows the maintenance bay at the CTTRANSIT facility.
CTTRANSIT currently has two senior-level technicians assigned to work on the fuel cell bus. In addition to all the standard bus maintenance, these technicians conduct much of the hybrid system repairs (including warranty work for ISE) and actively participate in fuel cell system work. The agency thought that hands-on experience with the new technology is very important, and the staff was willing to do as much of the work as the manufacturers would allow. UTC Power has provided maintenance and repair of the fuel cell power system.
There is no on-site ISE staff, so most work on the hybrid system is performed by the CTTRANSIT technicians. The agency reports excellent and responsive support from both UTC Power and ISE (located in San Diego, California). The biggest challenge has been troubleshooting issues from opposite sides of the country (and sometimes across the world).
Hydrogen Fueling Station -For CTTRANSIT, providing hydrogen for its first fuel cell bus was relatively easy. The agency is located about seven miles away from one of its primary demonstration partners, UTC Power, which already had a hydrogen supply available. The site required only a few upgrades to enable bus fueling: UTC Power installed a hydrogen storage buffer, a dispenser, and a grounding pad. The upgrades were accomplished, and the station was ready for bus fueling by March 2007. The funding for the upgrade was provided through an FTA grant.
Figure D-1. CTTRANSIT fuel cell bus maintenance bay (lower left), operating procedures (upper left), and alarm control system (right)
The UTC Power fueling station features liquid hydrogen storage, compression, and dispensing. Praxair delivers the hydrogen, which is produced in western New York as a by-product of a chemical process. Chemical companies use renewable hydropower from the NY Power Authority at Niagara Falls to operate electrolyzers that run a chloralkali process on naturally occurring brine in the area. The chloralkali process creates caustic soda and chlorine for use in other chemical processes, and also produces hydrogen gas. The hydrogen gas then is sent to Praxair's facility (located near Niagara Falls) where the gas is purified and turned into a liquid, utilizing renewable hydropower from Niagara Falls. Figure D-2 shows the fueling facility and dispenser at UTC Power headquarters.
Figure D-2. Fueling facility (left) and dispenser (right) at UTC Power headquarters
Passenger Survey Results
On August 27, 2008, the marketing department of CTTRANSIT handed out a passenger survey to gather input on acceptance and awareness of the Fuel Cell Bus. The FCB was operated that day on the A-Asylum/Hillside route. There were 79 surveys completed, which is an estimated 80% of the total ridership for the run. The analysis by question is provided below. 27, 30, 31, 32, 33, 41, 42, 43, 44, 45, 46, 65 
